Introduction
The evolutionary success of Mycobacterium tuberculosis (Mtb) is reflected in its coexistence with humans for over two millennia. Current estimates by the World Health Organization (WHO) report over 9 million new cases and 1.7 million deaths in 2006 [1] . The economic impact of tuberculosis (TB) on those in the prime of their lives is profound [2] . Because TB is a chronic illness with lengthy periods of potential transmission, improved case finding could have a profound impact [3] .
Until recently, the pace of new, relevant diagnostics had not kept pace with the global emergency. However, within the past 10 years, advances in the molecular biology of Mtb in conjunction with modern immunological methods have led to improvement in our ability to detect Mtb and to delineate the host's response to infection. It is with these new tools that the WHO has proclaimed an ambitious target of detecting 70% of sputum smear-positive patients and to successfully treat 85% [1] . The interplay between the host response, bacterial burden, and correlates of protection or disease are shown in Fig. 1 , highlighting the diagnostic potential across the spectrum of Mtb disease. In this review, we discuss the new diagnostic techniques and the current evidence behind their use.
Advances in microscopy
Smear microscopy with carbol fuchsin and fluorochromes such as auramine-rhodamine remains a mainstay in the detection of Mtb in clinical specimens and is widely supported by the WHO [4] . Fluorescence microscopy improves the sensitivity of Mtb detection [5] . Previously, the light sources necessary for fluorescence microscopy were not available for field use. Recent advances in lightemitting diode (LED) technology have widened the applicability of fluorescent microscopy [6,7 ,8] . A recent meta-analysis has shown that this technique increases the sensitivity of sputum smears by nearly 10% over conventional staining [5] .
Advances in culture
Mycobacterial culture remains the gold standard for detection and drug susceptibility testing (DST). Traditionally, culture on an egg-based solid media, known as Lowenstein-Jensen medium, may take as long as 4-6 weeks. Liquid culture systems (BACTEC and MGIT, BD Diagnostics, Sparks, Maryland, USA) offer a more sensitive and rapid alternative to conventional solid culture and may detect growth in 1-3 weeks [9, 10 ] . The mycobacterial growth indicator tube (MGIT) contains a fluorescent compound at the bottom of the tube, which is quenched by oxygen. As Mtb grows, the oxygen in the tube is used and the fluorescent compound is detected. Potentially, the MGIT technology can yield results in less than 8 days [11] . Automated MGIT allows for drug susceptibility through the addition of critical concentrations of streptomycin, isoniazid, rifampin, and ethambutol [12] . Currently, the WHO and the Strategic and Technical Advisory Group on TB recommends phased implementation of liquid culture where feasible, including low-income countries [4, 13] .
Advances in nucleic acid amplification of Mycobacterium tuberculosis
Nucleic acid amplification tests (NAATs) offer an important, rapid, and underutilized molecular tool in Mtb diagnosis. These tests detect mycobacteria with high specificity by amplifying target nucleic acid sequences. The US Centers for Disease Control (CDC) recommends that a NAAT be performed on the first sputum sample of all suspected Mtb patients regardless of smear status [14] .
Commercially available NAAT tests include those that are US Food and Drug Administration (FDA)-approved for use in smear-positive pulmonary diseases [Gen-Probe Amplified Mtb Direct test, (Gen-Probe Inc., San Diego, California, USA) and the Roche Amplicor Mtb test (Roche Molecular Systems, Branchburg, New Jersey)]. A second-generation test from Gen-Probe is FDAapproved for smear-negative specimens. Several other commercial kits are available and include the Roche automated version, COBAS Amplicor (Roche Diagnostic Systems, Mannheim, Germany) and the BD-ProbeTec Direct (SDA) (Becton Dickinson Diagnostic Systems, Sparks, Maryland, USA). On smear-positive samples, the pooled sensitivity is 96% [15] . Sensitivity on smear-negative samples has ranged from 66 to 72% [15, 16] . In clinical practice, targeting NAAT technology toward those with a high clinical likelihood of Mtb improved sensitivity estimates, with the sensitivity from a multicenter trial reported as 83, 75, and 87% for low, intermediate, and high clinical suspicion, respectively [17] . A recent meta-analysis, looking at over 125 studies, 96% of which collected smear-positive and smear-negative samples, reports a pooled sensitivity and specificity of 85 and 97%, respectively. However, the study noted significant heterogeneity between studies exemplified by the wide variability in sensitivity (36-100%) and specificity (54-100%) [18 ] . To obviate the need for reference laboratories, simple and affordable methods have been developed for use in high-burden, low-technology settings. Loop-mediated isothermal amplification (LAMP) from the Eiken group in Japan has been targeted by the Foundation for Innovative New Diagnostics as a rapid and deployable NAAT that requires neither thermal cycling nor reagent refrigeration. This isothermal amplification system utilizes multiple primers for increased specificity. Nucleic acid (rRNA) amplification is detected via the release of pyrophosphate byproduct ions that bind with manganese, outcompeting calcein. Calcein, the fluorescent indicator, then binds residual magnesium generating stronger fluorescence [19] . This approach has been shown to be sensitive in smear-positive, culture-positive disease (97-100%) although the sensitivity in smear-negative, culture-positive disease is reported as 49%. The specificity is reported at 99% [20 ,21 ] .
Advances in nucleic acid amplification test detection of extrapulmonary tuberculosis
The use of NAAT in the detection of extrapulmonary TB has been summarized in several meta-analyses [10 ,22-24] . The sensitivity and specificity of NAAT for tuberculous pleural effusions is reported in a meta-analysis at 62 and 98%, respectively [23] and outperformed the adenosine deaminase test [10 ,25,26] . The performance of NAAT on cerebrospinal fluid has a pooled sensitivity and specificity of 56 and 98%, respectively [24] .
Advances in the detection of drug resistance
Perhaps one of the most exciting advances in Mtb diagnostics is rapid DST. Given the increasing prevalence and impact of multidrug-resistant (MDR) and extensively drug-resistant Mtb [27] , WHO along with the STOP TB partnership have prioritized greater access to DST. MDR Mtb is defined as resistance to two vital first-line agents, rifampin and isoniazid. Rifampin, a rifamycin, inhibits the DNA-dependent RNA polymerase [28] , and in 96% of isolates resistant to rifampin resistance is attributable to an 81 base pair rpo hotspot [29, 30] . Isoniazid is bactericidal against actively replicating mycobacteria by inhibiting pathways of mycolic acid synthesis. It requires activation by the Mtb enzyme, katg, a mycobacterial catalase peroxidase, to form reactive intermediates to inhibit various targets of mycolic acid synthesis, including InhA, an enoyl acyl carrier protein reductase [31] .
Line probe assays (LiPAs) are NAATs that simultaneously detect infection with Mtb and amplify regions of drug resistance. INNO-LiPARif.TB (Innogenetics, Ghent, Belgium) and GenoTypeMTBDR (Hain LifeScience, Nehren, Germany) are available commercially. LiPAs employ DNA strip technology whereby amplified DNA is applied to strips containing probes specific for Mtb, isoniazid, and rifampin resistance [32, 33] . The WHO has endorsed LiPAs for culture and smear-positive clinical specimens as part of a larger commitment to target and implement new technology in high-burden regions [34 ] . The LiPAs are currently not FDA approved.
Although rifampin monoresistance varies among different populations, in regions with a high prevalence of MDR, rifampin tracks with isoniazid resistance in over 90% of samples [35] [36] [37] [38] . Thus, the INNO-LiPARif.TB assay has focused on rifampin resistance as the primary marker for MDRTB. Specifically, the INNO-LiPARif.TB kit simultaneously detects Mtb and the presence of rifampin resistance. Morgan et al. [36] summarized 15 studies on clinical isolates and reported the sensitivity and specificity ranging from 82 to 100 and 92 to 100%, respectively. In contrast, when the kit was used directly with the clinical specimen, the sensitivity ranged from 80 to 100%; however, the specificity was maintained at 100%.
The GenoTypeMTBDRplus assay detects both rifampin and isoniazid resistance including katG for high-level resistance and the promoter region for inhA for low-level resistance [33] . In a meta-analysis, Ling et al. [39 ] reviewed both the first and second generations of the MTBDR assays. The studies included both clinical sputum specimens as well as culture isolates. For MTBDRplus assays only, the pooled sensitivity and specificity were reported as 98.4 and 98.9%, respectively, for rifampin resistance, and these estimates did not vary when stratified by studies that looked only at clinical specimens. In contrast, there was more heterogeneity across tests with respect to isoniazid resistance with the MTBDRplus, with pooled sensitivity and specificity of 88.7 and 99.2%, respectively. Further, looking at the pooled sensitivity of the MTBDR and MTBDRplus assays with clinical specimens only in detecting isoniazid resistance, the sensitivity decreases to 84%.
Of the studies pooled by Ling et al. [39 ] , the study by Barnard et al. [40 ] is notable as it was performed in a highly endemic region, Cape Town, South Africa. There was excellent performance of the test in this high-burden region, with sensitivity and specificity (rifampin/isoniazid) of 98/94 and 99/99%, respectively. In contrast, a recent study by Lacoma et al. [41] from Spain on the GenoTypeMTBDRplus reports a sensitivity for isoniazid resistance of 73%, noting that several false-negative isolates found to be resistant fell outside the katG hotspot region. However, there is considerable optimism about the LiPA platforms [34 ] , and work is ongoing to ensure that this technology reaches regions with a high Mtb burden [42] .
Molecular beacons are an alternate method of rapid detection of drug resistance. These colorimetric indicators are attractive because of the ease of assay interpretation. Molecular beacons are DNA probes with an intrinsic fluorophore shape similar to a hairpin. When bound to the complementary sequence, a conformational change ensues release of the fluorophore from the quencher, resulting in a detectable visual signal [43] . Molecular beacons for Mtb resistance to rifampin and isoniazid from sputum specimens and culture isolates have been reported [44] [45] [46] [47] , and Lin et al. [45] report sensitivity and specificity for rifampin resistance of 97 and 100%, whereas values for isoniazid resistance were 82 and 100%, respectively, on clinical isolates. In addition, there is evidence that they are informative in smear-negative, culture-positive disease [48] . Molecular beacons are currently investigational and not FDA approved. This technology is being further developed by Cepheid Inc. (Sunnyvale, California, USA) using a kit, Xpert MTB, an automated real-time PCR-based assay to be performed on sputum samples for Mtb detection and rifampin resistance [49] .
The microscopic-observation drug-susceptibility (MODS) assay is a low-cost alternate to the detection of drug resistance. By using Middlebrook 7H9 broth culture containing antituberculous drugs, sputum is directly inoculated, and growth (seen as cord formation) is detected using an inverted light microscope. In Ethiopia, MODS detection of MDRTB was excellent with sensitivity and specificity of 95 and 100%, respectively, when compared with the MGIT 960 system [50] . The time to detection has been shown to be 7 days [51] and similar to the MGIT 960 [52] . A large study in Peru reports excellent sensitivity of the MODS at 97.8%, nearly 10% greater than automated mycobacterial culture and Loweistein-Jensen media [51] . When used for DST, the median time for susceptibility testing for MODS mirrored time to detection (7 days) followed by DST at 22 days for automated culture.
Advances in the detection of latent tuberculosis
It is estimated that at least one half of all TB cases are the result of reactivation of latent TB infection (LTBI). As a result, the detection and treatment of LTBI remains a public health priority [53, 54] . Here, testing for LTBI is performed with the intention to treat those who test positive, and consequently is focused on those likely to be infected with Mtb (contacts of active cases and those from endemic area), with particular attention to those at high risk for disease progression (recent evidence of exposure, young age, and immunocompromised). At present, targeted testing for LTBI is recommended in settings where the prevalence of TB is relatively low, and comments in this section will be focused on the use of interferon (IFN)g release assays (IGRAs) in these settings.
Until recently, the detection of LTBI has relied upon skin test reactivity to a mixture of antigens derived from Mtb (purified protein derivative ). Although tuberculin skin test (TST) testing has proven useful in the detection and treatment of LTBI, difficulties regarding the placement, reading, recording, and interpretation of the TST are well known. In this regard, it is sobering to note that treatment of LTBI based on TST testing is completed in less than one out of three of those patients in which targeted testing is recommended [55, 56] . One issue that has persistently dogged the TST is the perception of its diminished specificity, particularly in those given the bacillus Calmette-Gué rin (BCG) vaccine. In this regard, blood tests based on immune responses to the specific Mtb antigens, ESAT-6 and CFP-10, absent from most environmental mycobacteria and BCG, are of particular interest. These assays rely on the detection of IFNg released by sensitized T cells (largely CD4 T cells) in response to these antigens and are collectively called IGRAs. Currently, there are two commercially available FDA-approved platforms, the Quantiferon In-Tube (Cellestis, Melbourne, Victoria, Australia) and the T-SPOT.TB (Oxford Immunotech, Oxford, UK). The Quantiferon-Gold (QFT-G; second generation) and the current Quantiferon In-Tube assay (QFT-IT) is a wholeblood format that uses an enzyme-linked immunosorbent assay to detect IFNg, whereas the T-SPOT.TB uses purified peripheral blood mononuclear cells with an enzyme-linked immunospot technique.
Interferon g release assays: test performance and characteristics
In clinical practice, IGRAs have been studied in both LTBI and active disease in different geographic settings. In interpreting test performance, it is useful to look at test performance in geographic regions that test for LTBI, historically low-burden regions.
Similar to the TST, the quantity of IFNg released is a quantitative reflection of the T cell response to Mtbderived antigens. Historically, differing TST thresholds have been employed to help the clinician balance the pretest likelihood of true infection with Mtb-versusantigenic cross-reactivity with BCG or environmental mycobacteria or both. In addition to threshold values that define a positive IGRA, IGRAs include both media (nil) as well as mitogen controls to aid in the interpretation of these tests. Unlike the TST, the IGRAs are reported as positive, negative, or indeterminate. The indeterminate category can reflect a high media response or poor response to mitogen (anergy), adding an important category especially in immunocompromised hosts. FDA-approved cut-offs for a positive test have been validated for both the Quantiferon and T-SPOT assays [57, 58] . In this regard, it is important to note that the cutoffs for each test have been differently calibrated. The 0.35 IU cut-off for the QFT-IT allows for high specificity but likely some cost in sensitivity [59] . Conversely, the current FDA cut-offs for T-SPOT.TB, four spots or less as negative, 5-7 spots as 'equivocal or borderline', and at least eight spots as positive, have been calibrated to allow for greater sensitivity [60] . Published data for the T-SPOT.TB have used the six-spot cut-off.
A recent meta-analysis by Pai et al. [61 ] reports the pooled specificity of the QFT-G as 99%, the QFT-IT as 96%, and the T-SPOT as 93%. For the QFTs, the sensitivity of the QFT-G and QFT-IT has recently been reported as 81.4 and 92.6%, respectively [59] , although in pooled sensitivity estimates from multiple studies in different geographic regions, the estimates have been lower (78 and 70%, respectively) [61 ] . For the T-SPOT.TB test, Pai et al. [61 ] report the pooled sensitivity of 90%. The recent FDA approval of the T-SPOT is notable for a change in the threshold for a positive test (as discussed above), and the current T-SPOT package insert reports a sensitivity and specificity of 95 and 96%, respectively [57] . Head-to-head studies with the T-SPOT.TB and QFT-G have suggested somewhat better T-SPOT.TB sensitivity [62] [63] [64] . As with the TST, a negative IGRA does not rule out Mtb disease and should be regarded as an adjunct and not a substitute for the clinical evaluation of those suspected of having TB.
Because the IGRAs (similar to the TST) reflect the host response to underlying infection, there is likely to be both underlying biologic variation in the immune response as well as inherent variability in the determination of IFNg. For example, a variance of 15% is considered acceptable by the FDA. For these reasons, it is important that the clinician receives quantitative information from the assay so as to allow for appropriate interpretation. For example, in individuals classified as low risk for infection with Mtb, values at or near the cut-off values should be interpreted cautiously. Similarly, 'conversions' that occur near these thresholds should be interpreted with caution. At present, there are insufficient data to allow for quantitative guidance on these issues.
Clinical use of interferon g release assays
Although there remains no gold standard for LTBI, when surrogate markers of recent exposure to Mtb such as proximity to an active case are used in low-burden regions, IGRAs have been shown in multiple studies to be as good if not better than the TST in a contact investigation [65 ,66-71] . These data in conjunction with the performance characteristics of IGRAs led the CDC to recommend that these assays may be used in all situations in which the TST is used but cautioned against its use in the setting of the severely immunocompromised and the very young [72] . Clearly, data regarding risk of disease progression is incomplete, but recent data would suggest that a positive IGRA might predict future progression [73 ,74] . Given the diagnostic accuracy of IGRAs in the setting on active TB, their improved association with surrogates of Mtb exposure, the low likelihood of completion of isoniazid therapy based on TST testing, and the absence of data suggesting that IGRA testing misses those at risk for disease progression, it is the opinion of the authors that the use of IGRAs, when available, is preferred to TST testing in all situations currently recommended for targeted testing by the CDC. This recommendation is further based on the potential for harm inherent in the administration of isoniazid in those with false-positive TST tests. This would include persons from Mtb-endemic regions, particularly where BCG vaccination is employed, those potentially recently exposed to Mtb, and those with radiographic evidence of prior infection with Mtb. Specific limitations and cautions are discussed below.
Immunocompromised persons
Immunocompromised persons are at high risk to reactivate latent disease, with an estimated risk of 10% per year. Given this, the CDC currently recommends targeted testing for LTBI in specific at-risk groups, including individuals with HIV, chronic renal failure, solid organ transplant, fibrotic lesions, silicosis, cancer of the head and neck, malnutrition, and diabetes [53] . Although the TST is well known to have diminished sensitivity in the setting of immunocompromised hosts, limited data are available for the use of IGRAs in this setting. For the QFT-Gold, Kobashi et al. [75] evaluated a heterogeneous group of immunocompromised patients and obtained a sensitivity for the detection of TB of 25/32 (78%) compared with 16/32 for TST (50%). For T-SPOT.TB, Clark et al. [76] reported a sensitivity of 90.3% in HIV patients with CD4 T cell counts less than 300 cells/ml, half of which were less than 200 cells/ml, and in one study that employed both QFT-Gold and T-SPOT.TB, they had identical sensitivities of 84.6% (11/13) [77] . These limited data would suggest that IGRAs are at least as sensitive as TST in the immunocompromised setting.
Studies that have compared IGRAs with TST in routine testing for LTBI are very heterogeneous with regard to the type of underlying immonocompromise and the reasons for testing. Nonetheless, these studies demonstrate significant discord between TST and IGRA results. There are little data using surrogate markers of exposure to help elucidate the source of this discord. In the setting of advanced HIV infection, the T-SPOT.TB appears to be the more resilient assay [78] [79] [80] [81] [82] although may be limited with CD4 T cells that are less than 50 cells/ml [83] .
Several conclusions may be drawn on the use of IGRAs in immunocompromised persons. As in immune-competent persons, IGRAs are not a substitute for clinical judgment. Second, to maximize sensitivity in an immunocompromised individual with high risk of Mtb infection, it is reasonable to perform both an IGRA and the TST. In this setting, the clinician would be advised to accept a positive result from either test as evidence for infection with Mtb. We do not recommend stepwise testing (i.e. TST followed by an IGRA) as this may miss an important group of IGRAþ/TSTÀ persons.
One area of uncertainty is in the management of patients prior to the initiation of potent immunosuppressive therapy. This might include those being considered for anti-tumor necrosis factor (TNF)a therapy [84] or those being considered for liquid or solid organ transplantation. Although the greatest risk of TB disease is traditionally associated with recent exposures or infection or both, this is a setting in which reactivation of TB from more temporally remote exposures is a concern. Although testing for LTBI in this setting is recommended, there is insufficient information to make a firm recommendation. In one recent report, Bocchino et al. [85 ] recently reported good sensitivity of the QFT and T-SPOT in rheumatologic patients prior to anti-TNFa therapy, whereas in this cohort, the T-SPOT had a slightly higher proportion of indeterminate results versus the QFT-IT (5.8 versus 2.8%, respectively).
Those thought to be at low risk of infection or progression or both
At present, CDC guidelines do not recommend testing in this group. However, the TST is currently performed in many groups thought to be at low risk (employee and school screening). The excellent specificity of IGRAs would favor their use in this setting. However, where longitudinal testing is performed, there is very little information to guide interpretation of the test in this setting. In geographic areas where Mtb is endemic, 'conversions' and 'reversions' have been documented and often occur near the threshold values of the test. The prevalence of tests occurring near these values in areas of low Mtb burden and the likelihood of test conversions and reversions are currently not known, such that caution in interpretation of values at or near the threshold is advised. Thus, because of the low likelihood of a false positive with an IGRA, performing a blood test in place of a TST may obviate the need for further clinical testing (X-rays) and isoniazid. However, given the data on conversions or reversions as well as the variability allowed by the FDA (15%), a positive test in this low-risk setting should be considered carefully with review of the quantitative IGRA result and weighed against the likelihood of new infection.
Children
School-aged children have a similar risk of developing TB as adults and display a similar disease spectrum [86] . In addition, older children react similarly to adults to the TST. Therefore, much of what has been learned in adults regarding IGRA performance can be extrapolated to older children. However, children less than 5 years of age are at increased risk of developing TB following infection and more likely to develop severe disease than older children and adults and so must be studied separately. In this regard, the number of studies of IGRA performance on children is growing, although still limited. In general, the results are consistent with results of studies of IGRA performance in adults in that the sensitivity of IGRAs in children with TB [87,88,89 ,90,91] and in older children who are household [92, 93] or school contacts [94] and the specificity of IGRAs in children [89 ,94] are comparable to adults. Moreover, IGRAs may be helpful in clinical scenarios in which TST performs especially poorly, such as congenital TB [95] , or in very young children with HIV infection or malnutrition or both [81] . However, the number of young children studied remains limited, and even fewer children from nonendemic regions have been studied. Moreover, indeterminate results may be more frequently observed in young children [63, 87, 96] , and test failure due to inadequate phlebotomy is more common in young children [92, 97] . Hence, IGRAs can be used in school-aged children as they are used in adults. However, IGRAs should still be used with caution in younger children because of limitations in our knowledge of test performance in this age group.
Children under the age of 5 years are at high risk of disease progression following exposure, and there is currently very little information to support their routine use, particularly in the setting of household exposure. Children over the age of 5 years are considered immunologically mature, and recommendations for children are parallel to those offered for adults above.
Biomarkers
Although this review has highlighted improvements in the detection of drug-sensitive and drug-resistant Mtb, and in the accurate identification of those with LTBI, tests capable of rapidly and inexpensively identifying those with Mtb disease, delineating appropriate responses to drug therapy, and those at risk for disease progression are desperately needed. Generically, these have been termed biomarkers and could ideally function as a point-of-care test. Much work has been done on serodiagnostics using Mtb-specific antibodies to detect disease states. Areas of active investigation include new antibodies of potential use as a serodiagnostic [98] [99] [100] [101] , the CXC chemokine IP-10 (IFNg-inducible protein) [102 ] , the novel T cell antigen Mtb heparin-binding hemeagglutinin that has been suggested to be LTBI associated [103] , renewed interest in skin testing using the Mtb-seletive antigen ESAT-6 [104] , and the use of novel T cell subsets and cytokine profiles as well as the detection of Mtb products from urine [105] .
Conclusion
Improvement in the identification of the spectrum of Mtb infection, including active, latent, and drug-resistant strains, has the potential to have a profound effect on global health. For example, a test with 85% sensitivity and 97% specificity in the identification of those with TB could prevent 392 000 deaths annually (22% of global TB deaths) [106] . Continued research into Mtb diagnostics is needed with a view towards sensitive, specific, and easily deployable assays.
